Abstract-These The paper reports a development and implementation of light trapping based on light scattering from plasmonic metal nanoparticles. The nanoparticles were formed on the surface of planar polycrystalline Si thin-film solar cells by annealing of a precursor Ag film. The light absorption by the cells and resulting photocurrent enhancement is maximised by optimising the design of the nanoparticle light-trapping scheme, which includes the nanoparticle size and location, the local dielectric environment, and an application of a supplementary back-surface reflector. A large photocurrent enhancement is achieved due to high scattering and coupling efficiencies of the incident light from Ag nanoparticles into the thin-film cells. For the optimum design comprising a "Sifilm/nanoparticles/magnesium fluoride/diffuse white paint" structure short-circuit current enhancement of 44% is demonstrated for the cell fabricated by e-beam evaporation on 3 mm thick planar glass superstrate. The enhancement is further increased up to 50% when the developed light-trapping scheme is applied to the cell fabricated by PECVD on 1 mm thick planar glass superstrate.
I. INTRODUCTION
Thin-film solar cell devices are physically too thin indeed to fully absorb incident light. They have to rely on lighttrapping for optical path-length enhancement to ensure more complete light absorption to generate higher currents and achieve better efficiencies. The light-trapping is particularly important when thin-film cells are made of an indirect bandgap semiconductor, such as crystalline Si, which poorly absorbs the near infrared light still abundant in the solar spectrum [1] . For example, the absorption depths for 800 nm and 900 nm light are 12 and 33 μm respectively while thinfilm solar cells are typically 1-4 μm thick. Light-trapping is commonly implemented by means of substrate texturing to scatter the light within a film at random angles. The state-ofthe-art light-trapping scheme for polycrystalline Si (poly-Si) thin-film cells on textured glass achieves the short-circuit current density (Jsc) of 29 mA/cm 2 , which is about twice as high as Jsc of a respective planar cell without back-surface reflector [2, 3] . However, some thin films, such as Si films deposited by e-beam evaporation, are not compatible with textured substrates: directionality of evaporation combined with a low surface mobility of ad-atoms leads to a highly defective microstructure when the arriving Si atom flux is oblique to the substrate surface thus resulting in poor cell performance [4, 5] . Alternative light-trapping techniques avoiding textured substrates are required for such films. One possible approach is to texture a film itself after it is deposited on a planar substrate which allows increasing Jsc by ~19%, from 19 mA/cm 2 (when a film is not textured) to 22.6 mA/cm 2 [6] . Another approach, which this report is dealing with, is to avoid texturing all together and to rely on light scattering from metal nanoparticles formed on the thin-film cell surface [7, 8] . Such scattering occurs when localised surface plasmons (LSP) are excited in metal nanoparticles at near their resonance frequency by incident light. In optically symmetrical environment light is scattered in both directions. Nanoparticles located at the interface between two materials with different refractive indices scatter the light predominately into a higher refractive index material (Fig. 1) . Thus, nanoparticles on the Si solar cell surface scatter light preferentially into Si. Due to significant scattering angles the optical path in Si is increased and for angles larger than critical (~23º between Si and glass) the light is trapped in the film improving light absorption [9, 10] . The following terms are used to describe the plasmonic nanoparticle light-trapping: surface plasmon resonance wavelength Ȝ SPR , scattering angles ș scat , scattering crosssection, Q scat , defined as the area, over which the particle scatters light, normalised to the geometrical cross-sectional area of this particle; and coupling efficiency, F coupl , defined as the fraction of incident light that is scattered and coupled into Si.
Performance enhancement for solar cells using plasmonic light-trapping has been reported by several groups for different types of cells, such as crystalline Si wafer cells [9] [10] [11] [12] , thin-film amorphous Si [13, 14] , GaAs [15] , organic [16] and dye-sensitised [17] cells. Our group recently demonstrated 38% J sc enhancement for a fully functional plasmonic poly-Si thin-film cell, which is the best performance enhancement due to plasmonic light-trapping reported so far [18] . Effective plasmonic light-trapping requires high coupling efficiency, large-angle scattering and low parasitic absorption in nanoparticle themselves as well as a possibility to tune the plasmonic resonance to the wavelengths where it has the best effect on the cell performance. This paper presents an optimisation of plasmonic light-trapping scheme to meet these requirements, which includes particle material, location, size, geometry, local dielectric environment, and a use of supplementary back-surface reflector (BSR).
II. EXPERIMENTAL

A.
Cell preparation 2 μm thick poly-Si thin-film solar cells were used in this study. The precursor a-Si diodes were deposited by e-beam evaporation on planar borosilicate glass substrates coated with a silicon nitride (SiN x ) as a diffusion barrier and an anti-reflection (AR) layer. The film structure consists of a phosphorus-doped emitter (~50 nm, ~1E20 cm -3 ) followed by a boron-doped absorber (~2 μm, 4E16 cm -3 ) and a back surface field (BSF) (~100 nm, ~1E19 cm -3 ). After deposition, the films underwent solid phase crystallisation (SPC), rapid thermal annealing (RTA), and hydrogenation as described elsewhere [19] . The films were processed into metallised cells using interdigitated Al line contacts on both the emitter and the BSF layers [20] . The cell structure is illustrated in Fig. 2 . Although the metallisation is optimised for the superstrate configuration (illumination from glass side), the cells are bifacial and can also be used in the substrate configuration (illumination from Si side). The bifacial feature enables the comparison of the light-trapping performance between rear-and front-located nanoparticles 
B.
Nanoparticle fabrication Ag, Al, and Au are metals commonly used for nanoparticle fabrication. Ag is chosen because of its high radiative efficiency, low parasitic light absorption, and its plasmonic resonance frequency being tuneable in the spectral range important for Si solar cells (400 nm -1200 nm). An effect of local dielectric environment was studied using sputtered SiN x , SiO x , or evaporated MgF 2 either prior or after nanoparticle formation, or using the cells without any dielectric.
Ag nanoparticles were formed by thermal evaporation of a thin layer of Ag film onto the cell surface followed by a 50 min anneal at 200°C in N 2 . The particle size, shape and coverage are controlled by the thickness of the evaporated Ag film t Ag . In this study t Ag of 8, 12, 16, 20, and 24 nm were examined.
In addition to the nanoparticles a pigmented diffuse BSR made of white acrylic paint was applied in different configurations to further enhance light-trapping.
C.
Characterization The size, shape and coverage of the nanoparticles were characterised from scanning electron microscopy (SEM) images. Cell reflectance R and transmittance T were measured by a spectrophotometer and used to calculate the absorption A (A = 100% -R -T). The external quantum efficiency (EQE) was measured by a spectral response system, and Jsc was obtained by integrating the EQE over the AM1.5 solar spectrum. This approach avoids problems associated with spectral mismatch when a solar simulator is used.
III. RESULTS AND DISCUSSION
A.
Ag nanoparticles fabrication Precursor Ag films of different thicknesses yield nanoparticles of different sizes and coverage, which are calculated by statistical analysis of SEM images (Fig. 3) . The average nanoparticle size increases with t Ag and the size distribution becomes broader. For t Ag 16 nm, the nanoparticles are of a flattened hemispherical shape. For t Ag = 20 and 24 nm, the nanoparticles become irregularly elongated. With increasing t Ag from 8 nm to 24 nm, the nanoparticle coverage first decreases from 73% to a minimum of 50% at t Ag = 16 nm and then increases again up to 60%. This is a result of two counteracting effects: an increase in the nanoparticle size leading to larger coverage, and coalescence of adjacent nanoparticles leading to smaller coverage.
B.
Effect of precursor Ag film thickness A precursor Ag film yields nanoparticles of different size, shape and coverage depending on its thickness, t Ag , as shown in Fig. 3 , having different effects on plasmonic lighttrapping. The EQEs of the cells with that nanoparticles formed from the precursor Ag films of three different thicknesses directly on Si illuminated from the glass side are shown in Fig. 4 . The response is clearly better for the cells with larger nanoparticles. For larger t Ag the J sc enhancement due to the nanoparticles first increases to a maximum of 27% (J sc from 14.8 to 18.8 mA/cm2) at t Ag = 16 nm and then goes down slightly. As the particle size increases with t Ag , the resonance peak Ȝ SPR shifts to longer wavelengths and broadens [7, 18] , which can be seen a "hump" in the cell absorption curves shown in Fig 6 . The optimum particle size should lead to the resonance at wavelengths of a sufficiently high photon flux in the AM1.5G solar spectrum and a moderate absorption coefficient in Si, for which the optical pathlength enhancement is most beneficial. It corresponds to the range of 580-800 nm where the light attenuation depth is 2-11 μm, one to a few times of the cell thickness. The nanoparticles formed from the 16 nm thick Ag film meet these criteria and thus lead to the best photocurrent enhancement. For smaller particles, Ȝ SPR is located at the visible light wavelengths <650 nm, which are mostly absorbed during the first pass through the cell making optical pathlength enhancements redundant. For larger particles, Ȝ SPR approaches or becomes greater than the wavelength corresponding to the Si bandgap where the optical pathlength enhancement does not raise absorption by much and/or where the photon flux in the solar spectrum is already too low to contribute much into the photocurrent. The fact that there is only minor decrease in the J sc enhancement for t Ag >16 nm is thought to be due to a wider particle size and shape distributions, which are favourable for plasmonic light-trapping because of broadening of the resonance peak over the wavelengths of interest
C.
Rear versus front-located nanoparticles Nanoparticles can be located at the rear, or at the front, or even embedded within the solar cell material [8] . However, for a particular solar cell type the location of the nanoparticles is restricted by the cell design and structure, and a direct experimental comparison of the front-and rearlocated nanoparticles is hardly possible. The bifacial nature of the cells used in this study allows such comparison by illuminating a cell from either the Si film side (front nanoparticles) or the glass side (rear nanoparticles) as shown in Fig. 1 .
The EQE of the cells with the front-or rear-located Ag nanoparticles directly on Si, for the case of t Ag = 16 nm together with the EQEs of the original cells without the nanoparticles, EQE, are shown in Fig. 7(a) . To account for asymmetry of the cell design optimised for the glass-side illumination, which is necessary to compare the front-and rear-located nanoparticles, the EQE enhancement is defined as the ratio of EQEs without and with the nanoparticles, also shown in Fig. 7(b) . Both the front-and rear-located nanoparticles enhance EQE at wavelengths longer than 600 nm due to the surface plasmon effect but the EQE enhancement is higher for the rear located nanoparticles resulting in the Jsc enhancement of 28% compared to 20% for the front-located nanoparticles. This can be due the higher scattering cross-section Q scat of the rear-located nanoparticles than for the front-located ones when there is no dielectric spacer layer between the nanoparticles and Si [19] . Besides, the EQE for the frontlocated nanoparticles at wavelength shorter than 450 nm is even lower than the reference EQE due to the (1) parasitic absorption in Ag and (2) the destructive interference between the scattered and incident light [20] . These two unfavourable effects do not affect the cells with the rearlocated nanoparticles because the light of wavelength shorter than 450 nm is fully absorbed on its first pass through the 2 μm thick poly-Si film.
D.
Effect of dielectric spacer layer Nanoparticles are typically formed on a dielectric spacer layer, such as silicon nitride, silicon oxide, or titanium oxide, deposited on the top of the active solar cell layers. This spacer layer is used for surface passivation as well as for isolation between the semiconductor and metal particles. The dielectric film properties, such as its refractive index and thickness, affect the resonance wavelength Ȝ SPR , scattering angles ș scat , coupling efficiency F coupl , and scattering cross section Q scat and thus significantly influence plasmonic lighttrapping. We have compared the J sc enhancement for the cells with silicon nitride and oxide of different thickness of 4 and 15 nm (nitride only), and without any dielectric, i.e. with the nanoparticles directly on Si and the results are shown in Fig. 8 . Three different cell batches fabricated at different times were used in these experiments, and no comparison can be made between the results for the cells from the batches due to cell performance variations amongst the batches. The following effects are observed: higher J sc enhancement was obtained (I) for the spacer layer with the higher refractive index (nitride, n=2.2 vs. oxide, n=1.7); (II) for a thinner nitride spacer layer (4 nm vs. 15 nm); and (III) without dielectric spacer layer (oxide vs. Si).
The effect (I) can be attributed to a red-shift in Ȝ SPR to weaker-absorbed wavelengths [21] . The higher optical density of the dielectric layer (i.e. higher refractive index) tends to reduce the plasmon restoring force leading to the lower resonance frequency. Besides, scattering angles ș scat and coupling efficiency F coupl are both larger for the higher refractive index material [7] .
Similarly, ș scat and F coupl are larger for a shorter distance between the plasmons and Si (i.e. thinner spacer layer) leading to effect (II) [7, 22] . It has been found recently that for the rear-located Ag nanoparticles Q scat increases dramatically with decreasing the spacer layer thickness when it is less than 10 nm thick [23] , which can contribute to higher J sc enhancement for very thin spacer layers.
Effect (III) is a natural consequence of effects (I) and (II): the nanoparticles directly on Si can be considered as having either a spacer layer with the refractive index of that for Si (3.7) or a spacer layer of zero thickness. This suggests that Ag nanoparticles directly on Si should provide better plasmonic light-trapping than the nanoparticles on any dielectric spacer layer, which was confirmed in our earlier report [18] . The major reason why the nanoparticles are typically fabricated on intermediate dielectric films is because it is necessary for Si surface passivation. Poly-Si thin-film cells do not require surface passivation due to presence of the back-surface field (BSF) built-in in the cell structure. 
E.
Effect of back-surface reflector Even for the optimised nanoparticle array (t Ag = 16 nm, no dielectric), a significant fraction of incident light is still transmitted through the cell and lost thus not contributing to carrier generation. To utilise this otherwise escaping light, a supplementary BSR can be introduce behind the nanoparticles at the on the rear of the cells to redirect the light back towards the Si film.
A diffuse BSR made of a highly reflective white paint is used in this study. Such a BSR alone provides Jsc enhancement of ~ 28% in the 2 μm thick poly-Si cells [18] . However, applying it directly over the Ag nanoparticles has proved to be impractical -the resulting Jsc enhancement is unreproducible and its maximum value is about 30%, which is hardly different from the enhancement due to either the nanoparticles or the diffuse BSR separately. A possible reason for the lack of a benefit in combining the BSR directly with the nanoparticles can be unfavourable physical and/or optical interaction between the two layers.
In an alternative arrangement avoiding these unfavourable effects the detached diffuse BSR is applied behind the cell with the nanoparticles (Fig. 9a) . Such a scheme performed significantly better enhancing EQE (Fig. 10 ) and improving J sc from 19.1 mA/cm 2 for the nanoparticles alone to 20.7 mA/cm 2 , which is 39% total enhancement compared to the reference cell without light-trapping.
In an attempt to further improve the light-trapping scheme by encapsulating the nanoparticles and providing a reliable and reproducible way of applying the diffuse BSR at the same time, a dielectric layer made of MgF 2 (refractive index 1.37) was deposited onto the Si cell surface with the nanoparticles before the diffuse BSR was applied on the top of it (Fig. 9b) . The thickness of the MgF 2 layer of ~350 nm is chosen such that to completely coat the nanoparticles. The resulting structure is shown in Fig. 7b . The EQE enhancement also shown the figure for this light-trapping scheme is even higher than for one with the detached diffuse BSR. J sc increases up to 21.4 mA/cm 2 , which is 44% higher than for the reference cell. A reason why light-trapping is better for the structure "nanoparticles/MgF 2 /BSR" than for "nanoparticles/air/BSR" is not very well understood yet. The coupling efficiency F coupl is actually lower for the structure with MgF 2 due its higher refractive index, so more light is scattered out of the Si film into MgF 2 than into air. However, this forward-scattered light is not escaping the cell in the presence of the diffuse BSR but additionally scattered by it and reflected back to the nanoparticles again where it has another chance of being scattered by the plasmons. It can be speculated that due to a higher fraction of the forwardscattered light for the case of MgF 2 a contribution of the second and third-order scattering is larger and resulting light-trapping is more effective. 
F.
Effect of glass thickness It has been observed that although light-trapping significantly enhances the cell current it also can lead to light leakage from the thin-film cell when its lateral dimensions are comparable to the substrate glass thickness. The light coupled out of Si into glass at an angle can travel obliquely for significant distances and after being reflected from the opposite glass side it can return back to where there is no cell any longer. Thus, light-trapping is less effective for small cells on thick glass than it can be for larger cell and/or thinner glass. Rough estimation of this "light-leakage" effect in our lab is 5-10% J sc loss for the 2 cm 2 large cells on 3 mm thick glass, which is what the plasmonic poly-Si cells presented in this report so far are. Expecting further current gains from eliminating the "light-leakage" effect the glass on one of the cells was thinned down from 3 mm to 1 mm and the spectral response was re-measured. The EQE shown in Fig. 10 is noticeably higher converting into J sc of 23 mA/cm 2 compared to 15.5 mA/cm 2 for the reference 1 mm thick cell without the nanoparticles, or 50% enhancement. This result represents the best performance improvement for photovoltaic devices due to plasmonic light-trapping which has ever been reported.
